ABSTRACT: Recent years have witnessed unprecedented advances in the development of fast multidimensional NMR acquisition techniques. This progress could open valuable new opportunities for the elucidation of chemical and biochemical processes. This study demonstrates one such capability, with the first real-time Twodimensional (2D) dynamic analysis of a complex organic reaction relying on unlabeled substrates. Implementing such measurements required the development of new ultrafast 2D methods, capable of monitoring multiple spectral regions of interest as the reaction progressed. The alternate application of these acquisitions in an interleaved, excitation-optimized fashion, allowed us to extract new structural and dynamic insight concerning the reaction between aliphatic ketones and triflic anhydride in the presence of nitriles to yield alkylpyrimidines. Up to 2500 2D NMR data sets were thus collected over the course of this nearly 100 min long reaction, in an approach resembling that used in functional magnetic resonance imaging. With the aid of these new frequency-selective low-gradient strength experiments, supplemented by chemical shift calculations of the spectral coordinates observed in the 2D heteronuclear correlations, previously postulated intermediates involved in the alkylpyrimidine formation process could be confirmed, and hitherto undetected ones were revealed. The potential and limitations of the resulting methods are discussed.
INTRODUCTION
Heterocycles' significance is central in modern chemistry.
1
Among nitrogen-containing heterocycles, pyrimidines play unique roles as integral constituents in many pharmaceutical, functional, and natural materials. 2 Understanding and controlling laboratory preparations of pyrimidinic derivatives have therefore become an important field of synthetic chemistry. 3 Recently we focused our attention on one-pot syntheses of various heterocyclic derivatives and developed alternatives for an easier preparation of a wide range of azaheterocyclic compounds. 4 Other elegant procedures have been also described for the synthesis of pyrimidine derivatives 5 and oxazoles. 6 Several of these studies revealed details of the mechanism of pyrimidine formation when reacting carbonyl compounds with strong electrophiles, such as trifluoromethanesulfonic acid anhydride (triflic anhydride, Tf 2 O). 7 Still, despite the importance of these reactions, large gaps in knowledge remain about the variety of intermediates and mechanistic routes involved in their formation, and key details about the structural information associated to the kinetics of these processes remain to be elucidated.
Real-time NMR measurements could open unique opportunities in the analysis of complex chemical problems such as this one. Two-dimensional (2D) NMR, in particular, could enable one to monitor and assign transient intermediates in the reaction as well as to quantify their overall kinetics of formation. Doing so, however, requires completing the 2D NMR measurement in time scales compatible with the chemical changes occurring following a sudden triggering of the reaction. Much progress has taken place during recent years in the area of accelerating multidimensional NMRboth in the areas of organic and biomolecular acquisitions. Efforts that have made 2D spectroscopy compatible with the tracking of rapid transformations include Hadamard-encoded versions of heteronuclear (HSQC) and homonuclear (TOCSY) NMR exploiting a priori information, 8 compressed sensing acquisitions where the usual Nyquist demands for the FT-based sampling of a NMR domain can be alleviated, 9 and so-called "ultrafast" (UF) acquisition schemes whereby arbitrary 2D NMR correlations can be established in a single-scan fashion. 10 The latter approach in particular replaces the indirect-domain parametric time encoding of 2D NMR with a spatiotemporal manipulation, effectively imparting all the increments that would be involved in a conventional experimentin their entiretywithin one single scan. 11 The spatial patterns imparted by indirect domain evolution frequencies encoded in such a manner can be subsequently read out with the aid of suitable magnetic field gradients. Using such rapid acquisition 2D NMR methods, a number of fast-reacting systems have been recently monitored in real time. These have included biomolecular single-and multiple-quantum heteronuclear correlations (HSQC and HMQC) on proteins and nucleic acids 12 as well as TOCSY and multiple-bond correlation experiments on reacting organic systems.
13a Included among the latter were studies on the synthesis of alkyl-and alkylaryl-pyrimidines from aliphatic and aromatic ketones, whereby series of complete 2D NMR data sets were collected on 100% abundant isotopes to observe the changes in chemical species occurring as the reactions progressed.
We have recently studied these reactions for the specific case of the addition of 3-pentanone 1 to acetonitrile-d 3 in the presence of triflic anhydride (Scheme 1). In these studies 2D ultrafast TOCSY homonuclear acquisitions revealed the presence of intermediates 2−4, and the generation of the final reaction products 5 and 6 was revealed (Scheme 2). Two-dimensional ultrafast heteronuclear multiple bond correlation spectroscopy (HMBC) experiments on specifically labeled precursors were also implemented to elucidate the chemical nature and evolution of reactive quaternary centers involved in this reaction. Upon monitoring a similar condensation that starting from 13 C-carbonyl-labeled acetophenone 7 lead to alkylaryl-pyrimidine 9 as main product (Scheme 3), such experiments permitted the detection of the intermediate (trifluorormethylsulfonyloxy)carbenium ion 8. Unfortunately, label-based experiments such as these have a narrow focus that may obscure a full and unambiguous identification of all transient intermediates generated during the course of the reaction. To extract such important mechanistic information, it would be necessary to implement more general 2D NMR correlations. Particularly useful could be site-identifying heteronuclear correlations covering the full possible range of chemical shifts that might arise, so that both permanent as well as transient species can be characterized. Running ultrafast HSQC experiments at natural abundance in non-labeled samples, however, would not be a trivial endeavor. Indeed in single scan sequences, the spectral widths SW 2 and SW 1 along the directly and indirectly sampled dimensions are related to one another. Moreover these parameters as well as the effective spectral resolution Δν 1 desired along the indirect domain define the gradient strength G a required to read out the indirect domain spectral width according to (SW 1 SW 2 )/(Δv 1 ) ∼ γ a G a L, where L is the encoded sample length. The per scan signal-to-noise ratio (SNR) is in turn also governed by the γ a G a L frequency span, which becomes the filter bandwidth that needs to be used for this kind of measurement. Noise in this kind of experiment thereby behaves proportionally to √(SW 1 ·SW 2 /Δv 1 ). For the kind of HSQC and HMBC experiments that would be needed to characterize a priori unknown intermediates that can fall anywhere in the aliphatic/ olefinic/aromatic range, as is the case for the kind of reaction depicted in Scheme 3, this relation would impose high strains on the gradient strengths that would be necessary (≈80 G/cm for covering an indirect domain spanning ≈150 ppm, a direct domain of ≈4 kHz, and the typical 1.8 cm sample length). Even worse, the associated noise penalties would become untenable for the ensuing kind of filter bandwidths.
One of the aims of this work consisted in developing a methodology which would allow us to monitor the necessary spectral widths while bypassing such stringent demands. Strategies have been discussed in the recent literature capable of alleviating the gradient strengths needed to decode a given spectral bandwidth in single-scan 2D NMR, including the folding of peaks along the direct and indirect domain as well as shifting of peaks into a single, congruent band of detection.
14 In the present instance, however, we decided to explore an alternative route that, while still alleviating the gradient's demands, could still furnish a direct reading of the chemical shift information about the transient reaction intermediates. To do so a new family of experiments was devised incorporating (i) the selective excitation of different spectral bands of interest (aliphatic, olefinic, aromatic) and (ii) the interleaving of realtime ultrafast acquisitions targeting these spectral bands through consecutive scans. With the aid of such strategies it was possible to interrogate the nature of the chemical dynamics in Scheme 3 using unlabeled compounds, recording literally thousands of 2D heteronuclear correlation spectra within the course of these hour-long processes. With the aid of such data, of ancillary 1D NMR measurements, and of computer-based estimators of chemical shift values, new transient intermediates were detected, and their kinetics of generation/consumption characterized. All this led us to propose a new two-pathway mechanism for the triflate-mediated addition of acetonitrile-d 3 to arylketones.
MATERIALS AND METHODS
To address the spectral-width/spectral-resolution issues just mentioned, we decided to attempt the observation of the reaction in Scheme 3 at natural abundance by modifying a general, broadband heteronuclear correlation experiment, into a multiple-window observation mode. In other words, instead of implementing ultrafast sequences covering in excess of 100 ppm in the 13 C domain, the targeted direct-and indirect-domain windows were split into regions expected to possess the peaks of interest. Areas that were a priori, known to be devoid of peaks, were consequently ignored. Moreover, these multiple spectrally selective versions of single-bond heteronuclear correlation ultrafast sequences were run in an interleaved fashion so as to employ the relaxation recovery delay of one spectral region to collect the data pertaining to another spectral regionvery much like multislice imaging experiments perform their optimized acquisitions in frecuency-shifted 3D MRI. 15 To do so in the ultrafast instances, care had to be made to either avoid the excitation of 1 H signals outside the targeted region or, alternatively, to make sure that unencoded regions were addressed by an even number of (π) H rotations so as to return their magnetizations to a relaxation-optimized longitudinal state. ( 13 C manipulations being less critical for all cases given that 1 H initiated, indirectly detected sequences were assayed.) Three spectral windows were selected for these observations, usually involving ≈1.5 ppm along the 1 H and ≈10−20 ppm along the 13 C dimension. These windows encompassed: (i) an 'aliphatic' region centered at 2.2 ppm ( 1 H) and 28.7 ppm ( 13 C); (ii) an 'olefinic' region at 5.8 ppm ( 1 H) and 110.9 ppm ( 13 C) set to follow transient intermediates; and (iii) an aromatic 'pyrimidinic' region centered at 8.2 ppm ( 1 H) and 117.4 ppm ( 13 C) to track formation of the final reaction product 2,4-dimethyl-6-phenylpyrimidine-d 6 (9) . A typical scheme of these pulse sequences is illustrated in Figure 1 . This consists of a series of back-to-back heteronuclear correlations involving two continuous constant-time spatial encoding processes for monitoring the indirect domain 13 C evolution. As each one of these additive processes involved a (π) H decoupling pulse in their center, no overall rotation of the proton magnetizations resulted from the t 1 period. The two INEPT transfers in each of these sequences incorporated sinc(π/2) H excitations and two hard (π) H pulses, thereby fulfilling the bandselectivity requirements of these sequences. These multiwindowed constant-time ultrafast 2D NMR data sets were collected on a Varian VNMRS 600 MHz NMR spectrometer using a triply tuned HCN single-gradient probe at 298 K. The constant-time spatial encoding adiabatic (π) C pulses needed for the spatial encoding were generated using the Varian Pbox software package, with these chirped pulses sweeping a bandwidth [O i −O f ] = 49 519 Hz in 2.5 ms, applied in conjunction with 25 G/cm encoding gradients. All protons were selectively excited in their appropriate bandwidths with 1.42 ms long, 1 kHz bandwidth (π/2) H pulses. All experiments used 180°phase cycling of both the initial (π/2) C hard pulse and the receiver phase, for ensuring a more complete suppression of the natural abundance background. Acquisitions used gradient strengths of G a = 6.35 or 10.6 G/cm and filter bandwidths of either 25 or 42 kHz (as noted in the text). Further acquisition parameters included N 2 = 40 cycles of ± gradient pairs, a physical sampling dwell time of 2 μs, and gradient durations T a = 0.60 ms each. Square (π)
C pulses were applied in between all acquisition gradients for heteronuclear decoupling purposes. Purge gradient pulses preceding acquisition were 1.60 ms in duration, at 6.35 G/cm (10.6 G/cm for the experiment using labeled starting material (7) to probe the olefinic region).
The reaction described in Scheme 3 was initially monitored using spectral windows spanning 800.8 Hz in 1 H and 2500 Hz in 13 C. To permit an enhanced sensitivity, the 13 C window sizes were further reduced to 1500 Hz in subsequent tests. Gradients and bandwidths were adjusted accordingly, as noted below. Each 0.5 mL acetophenone-acetonitrile solution was pretuned and preshimmed prior to injection of a small aliquot (≈56 μL) of Tf 2 O. A mixing device was used for this injection, including a syringe feeding directly into the NMR tube inside the magnet (see Supporting Information). Data collection was initiated prior to injection of Tf 2 O. Preliminary tests monitoring 13 C-labeled acetophenone (7) used two scans per 2D spectrum. Reactions monitoring unlabeled acetophenone (7) were acquired using 12 scans per FID and a four-step phase cycle, again with 180°phase cycling of both 13 C π/2 pulses and of the receiver phase. Each double-window HSQC data set thus required 4.16 s per scan when using the 2 s recycle delay. Total times per 2D spectrum were 8.32 and 49.9 s for monitoring of labeled and nonlabeled reactants, respectively. This back-to-back application of separate ultrafast HSQC experiments, targeting different windows of interest, permitted the parallel observation of multiple spectral windows in the same real-time acquisition batch. While as many as four distinct spectral regions were monitored in certain runs, only two windows per experiment ( Figure  1 ) are presented in this work. The resulting concatenated time-domain signals were separated into FIDs corresponding to the individual Scheme 3 Figure 1 . Multiwindowed ultrafast HSQC pulse sequence involving: a selective excitation of protons in the targeted spectral window; an INEPT magnetization transfer to carbon; four chirped pulses applied in the presence of suitable gradients and (π) H decoupling pulses to give a constant-time spatial encoding of the carbon evolution; a selective transfer of this encoded information to protons; and low-strength ±G a gradient pairs acting as read-out of the resulting encoded signals. After shifting the irradiation frequencies to a second spectral window, the sequence is then immediately repeated to acquire a second FID addressing a different spectral region. Selective excitation and spatial encoding used 1.42 ms sinc π/2 pulses and 2.5 ms π chirp pulses, respectively. Encoding gradient strengths were 25 G/cm. Read out of encoded signals typically used N 2 =40 cycles and a G a of 6.35 or 10.6 G/cm. The narrow independent windows targeting specific spectral regions of interest permits use of these low-strength gradients, providing corresponding increases in SNR and enabling the detection of nonlabeled samples. windows, then processed into 2D spectra in the usual ultrafast fashion, and characterized using custom-written Matlab scripts. To aid in the elucidation of the reaction intermediate structures,
1 H NMR chemical shifts were estimated using Advanced Chemistry Development, Inc. (ACD/Laboratories) Software V8.0, and 13 C NMR shifts were calculated within the GIAO approximation 16 on the PCM-M06-2X/ 6-31+G* (solvent = acetonitrile) 17, 18 with optimized geometries using the Gaussian 09 suite of programs. 1 H NMR data were taken to delineate the spectral windows to be used for the main 2D studies. Figure 2 illustrates a representative set of such tests. In addition to signals corresponding to reagents and products (Scheme 3), these tests revealed over a dozen transient signals in the 1 H aliphatic and olefinic regions. These signalsarising on top of the 1 H NMR resonances belonging to reagents and products suggest the presence of a number of candidate aliphatic and olefinic intermediates that had not been previously noticed. Aliphatic intermediates will be characterized by singlet signals from methyl group present, whereas olefinic intermediates will show doublets produced by the diastereotopic protons from the methylidene group. Figure 3 presents a more quantitative description on the appearance and disappearance of these different species, showing the time-dependent intensities of products 7, 9, and 10 as well as of intermediate 8 (cf. Scheme 3). Also shown is the kinetic behavior of an additional number of aliphatic and olefinic intermediates arising during the reaction.
3 . Representative selection of real-time 2D HSQC NMR spectra arising from the reaction of triflic anhydride, ketone (7) and acetonitrile-d 3 . Spectra show species (7 and 11−13) present in the aliphatic window range (1.54−2.87 ppm for 1 H, 23.7−33.7 ppm for 13 C) at key time points as the reaction progressed, depicted by arrows (red, blue, green, and magenta, respectively) (see text for further details). illustrated in Figures 4 and 5 . Colored arrows in these plots denote cross-peaks representing reagents, products, and intermediates that participate in the reaction. Cross-peaks assigned to starting ketone (7) and final products vinyl triflate (10) and pyrimidine (9) were confirmed by 1D and 2D spectra (see the Supporting Information). Values of chemical shifts of highlighted (bold) nuclei are shown in Scheme 4. Figure 4 illustrates a series of representative 2D UF-HSQC spectra recorded for the aliphatic window at ca. 30 s delay. A total of 500 HSQC spectra was taken in a typical kinetic progression, where data acquisition was begun immediately prior to the sudden addition of triflic anhydride to a solution of ketone (7) in acetonitrile-d 3 (Figure 4 highlights only 16 of these, a full 3D animation made from the total set of HSQC experiments is given as Supporting Information). Prior to the Tf 2 O injection, the cross-peak of the methyl group of (7) is clearly observed (0 min, red arrow). 1.66 min after initiation of the reaction a new cross-peak at δ = 2.09/28.40 ppm (blue arrow) is seen. Then, at ca. 7.48 and 14.97 min, two additional cross-peaks at 2.02/28.10 ppm (green arrow) and 1.82/30.30 ppm (magenta arrow), respectively, were clearly detected. The intensity of these cross-peaks changed with time, rising and falling during the course of the reaction (see Figure 6) .
A series of representative 2D UF-HSQC spectra were recorded in succession on the olefinic window (5. 17 -6. H; 112.4 -122,4 ppm, 13 C). Throughout the series of 500 HSQC spectra recorded in these windows, doublet cross-peaks from vinyl triflate (10) and olefinic intermediates were not detected. Figure 5 illustrates the 2D heteronuclear correlation observed for the aromatic/ pyrimidine window. The spectra for this window are dominated by a cross-peak (8.33/119.0 ppm, light blue arrow) which appears with variable intensity in the aromatic region, corresponding to the H5−C5 single-bond of the pyrimidine (9) . Its assignment to the pyrimidine (9) was confirmed independently by 1D and 2D standard NMR analyses. Figure 6 summarizes the time-evolution of key cross-peaks observed in the various windows studied. The aliphatic window (left) shows the kinetic behavior for reagent acetophenone (7) and intermediates (11) , (12), (13) . The aromatic window (right) reflects the formation of final product pyrimidine (9) . (A 3D animation showing the complete time-series of spectra for the aromatic window is available for download as Supporting Information).
To further examine the olefinic window, the experiment was repeated with labeled 13 C-carbonyl-acetophenone (7) Scheme 4 Figure 6 . Integral values versus time-evolution of key cross-peaks as observed for the aliphatic and the aromatic windows studied. comparison of olefinic products and intermediates. A total of 1200 HSQC spectra taken under these conditions within the course of the reaction revealed, in addition to the expected doublet of cross-peaks from vinyl triflate (10, purple arrow), a new doublet of cross-peaks (Figure 7) . The rise and fall of these cross-peaks (dark-yellow arrows) show its character as intermediate. Figure 7 (bottom) also displays the kinetic behavior of the new olefinic intermediates (14) and/or (15) . Additionally the presence of a time-increasing cross-peak at 6.20/106.5 was observed. As seen in Figure 7 , the kinetics of the vinyl triflate (10) are in good agreement with those seen initially in the nonlabeled reaction. For a 3D animation see the Supporting Information.
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DISCUSSION
The time-evolution of the peak intensities observed in the various real-time 1D and 2D spectra illustrated in the preceding section suggest a complex sequence of events underlying the evolution of the starting acetophenone (7) to the final pyrimidine (9) . A mechanism capable of rationalizing all the observed peaks is depicted in Figure 8 . The HSQC series recorded on the 1.54−2.87 ppm, 1 H, and 23.7−33.7 ppm, 13 C aliphatic window, indicates that the reaction starts with an electrophilic attack of the S-atom of one of the SO 2 groups of triflic anhydride on the O-atom of the carbonyl group of acetophenone (7) leading to the rapid formation of an intermediate (8), whose presence we have detected in the past by ultrafast 2D HMBC experiments, 13c,20 but whose crosspeaks fall outside the window targeted here. Evolution of (8) by nucleophilic capture by acetonitrile-d 3 leads to the complex (11) , which evolves to the nitrilium-salt intermediate (12). 21, 22 The reaction continues, and an additional nucleophilic capture by the acetonitrile-d 3 takes place forming intermediate (13) . In order to confirm these intermediates, measurements were repeated using labeled 13 C-methyl-acetophenone (7) and a standard UF-HSQC sequence, 23 which permits monitoring of (examination) an expanded acquisition window (4.50−0.50 ppm, 1 H; 63.60−3.60 ppm, 13 C). These results from monitoring of the methyl labeled reactant (7) confirmed the formation of intermediate (8) and its evolution to intermediates (11−13) (Figure 9 ).
Elimination of triflic anhydride from intermediate (8) would lead to vinyl triflate (10), which should form as a side product. Cross-peaks from (10) and/or from other possible olefinic intermediates like (14), however, were not observed in the HSQC of the olefinic window (5.17−6.50 ppm, 1 H; 106.0− by elimination of triflic acid in intermediate (13) . This would lead to the formation of the crucial double bond present in (14), in whose absence the cyclization step which leads to the pyrimidine ring cannot take place. Suspecting that these intermediates could not be seen due to a transient nature leading to maximal concentrations below our sensitivity limits, reactions were repeated using labeled 13 C-methyl-acetophenone (7) and the olefinic window revised with this aid (Figure 7) . The results show the expected double cross-peaks from vinyl triflate (10) as well as a new pair of cross-peaks representing diastereotopic protons of a methylidene group (purple and dark-yellow arrows in Figure 7 ). We ascribe this new peak's origin to the triflate salt intermediates olefinic (14) and/or (15) containing two and one molecules of the nucleophilic acetonitrile-d 3 , respectively. Cross-peaks from intermediates (14) and/or (15) are present since the first moments of the reaction ( Figure 7) ; the formation of intermediate (15) would take place by the elimination of triflic acid from intermediate (12) and prior to a second nucleophilic capture by the acetonitrile-d 3 which leads to (14). The kinetic behavior of intermediates (14) and/or (15) (Figure 7) shows that these species form quickly and then decay, coexisting until the last moments of the reaction. Intermediate (13) (Figure 8 ) is the first step of the so-called aliphatic route, 13b whereas intermediate (15) would be the first of the olefinic and (14) the common final intermediate. No unambiguous explanation for the cross-peak at 6.20/106.5 could be found; its presence under laboratory conditions was not detected.
14 The progress of the reaction through the aliphatic and/or olefinic route and the relative rate of both pathways will depend on the stability of intermediate (12).
Overall, the findings arising from these HSQC correlations reveal for the first time the presence of olefinic intermediates (14) and/or (15) and confirm preliminary results previously observed in ultrafast HMBC measurements where labeled reactants were used.
13c In order to get further confirmation on Figure 8 . Proposed mechanism for the reaction of triflic anhydride, acetophenone (7), and acetonitrile-d 3 in accordance with the structural and kinetic insight gained from the ultrafast NMR experiments. The NMR results suggest two possible routes (an aliphatic and an olefinic) that can yield the final product (9) of the reaction. Figure 9 . Representative series of real-time 2D HSQC NMR spectra recorded for the aliphatic window of a reaction between labeled 13 C-methylacetophenone (7, red arrow) with triflic anhydride and acetonitrile-d 3 . From the crosspeaks detected by the UF-HSQC sequence in this spectral window, the formation of the intermediate (8, gray arrow) and its evolution to the intermediates (11, blue arrow), (12, green arrow), and (13, magenta arrow) can be monitored (see text for further information).
the nature of the detected intermediates, we exploited the valuable insight arising from the chemical shifts observed along the correlated 1 H and 13 C dimensions. Table 1 shows the experimental chemical shifts arising from the ultrafast series and compares them against expectations stemming from the various structures that are postulated to participate in the reaction scheme proposed in Figure 8 . The 1 H NMR chemical shift estimations were performed for the nitrilium-salt intermediates (12−15), using the commercial chemical shift calculator software ACD/Laboratories (release 8.00). 13 C NMR shifts were calculated within the GIAO approximation on the PCM-M06-2X/6-31+G* (solvent = acetonitrile) with optimized geometries using the Gaussian 09 suite of programs. In all cases we find very good agreement between the observed values and the values predicted/calculated for the postulated structures; these calculations permit to distinguish between (14) and (15) and assign (14) to the triflic olefinic nitrilium-salt intermediate formed.
CONCLUSIONS
The real-time spectroscopic approaches herein described allowed us to uncover a new and interesting sequence of events in the mechanistic pathway of the alkylpyrimidine formation from aliphatic ketones and alkyl nitriles promoted by triflic anhydride. This was largely thanks to the advent of new ultrafast 2D NMR techniques that, operating under low gradients made possible by the use of selective band excitations, succeeded in monitoring the organic reaction using unlabeled compounds. Using this new selective and low-gradient-strength based UF sequence, it was possible to confirm the presence of intermediates reported in earlier studies such as (8) and (14) as well as intermediates (11−13) that were here detected for the first time. Estimations and calculations of NMR chemical shifts are in very good agreement with the proposed structures. These findings have permitted us to propose for the first time a new and complete mechanism involving two different and concurrent pathwaysone aliphatic and the other olefinic for the progress of the reaction. The evolution from the starting ketone to the final pyrimidine could be monitored and rationalized in high detail. In summary, we believe that realtime dynamic 2D NMR methodologies of the kind described in 
